Objective: Evaluate the impact of concomitant enzyme (CYP3A4)-inducer antiepileptic drugs (EIAEDs) on the efficacy and safety of perampanel in patients from the 3 phase-III clinical trials.
treatment, perampanel significantly reduced seizure frequency and increased responder rates. [9] [10] [11] Perampanel is mainly eliminated by oxidative metabolism, mediated primarily by CYP3A4. 12 Population pharmacokinetic (PK) analyses have shown that 3 frequently used CYP3A4 enzyme-inducing AEDs (EIAEDs) (carbamazepine [CBZ] , oxcarbazepine [OXC] , phenytoin [PHT] ) significantly increase perampanel apparent oral clearance. 13, 14 Pooled analysis of the phase III studies showed that perampanel plasma concentrations increase proportionally with doses 2 to 12 mg. 15 In the presence of EIAEDs, albeit at lower concentrations, perampanel plasma concentrations were similarly increased. 15 Of note, PK/pharmacodynamic analyses showed that increased steady-state perampanel plasma concentrations were related to decreased seizure frequency 14 and increased probability of achieving $50% reduction in seizure frequency. 16 Further evaluation of the phase III clinical data in these patients is essential to understand the potential impact of PK interactions on efficacy, tolerability, and dosing of this new AED.
METHODS Classification of evidence. This evaluation of the phase III clinical studies provides Class II evidence that once-daily perampanel (2-12 mg) reduced seizure frequency and improved responder rate in the presence and absence of EIAEDs in pharmacoresistant patients with partial-onset seizures.
Standard protocol approvals, registrations, and patient consents. The 3 phase-III studies (304: NCT00699972; 305: NCT00699582; and 306: NCT00700310) were conducted in North and South America, Europe, Australia, India, Israel, Russia, South Africa, and Asia between April 2008 and January 2011. [6] [7] [8] All studies were conducted in accordance with the Helsinki Declaration, European Medicines Agency requirements, and the US Code of Federal Regulations, as appropriate. National regulatory authorities in each country and independent ethics committees/institutional review boards for each site reviewed trial protocols, amendments, and informed consent. [6] [7] [8] Patients. Patients were aged 12 years and older with treatmentresistant partial-onset seizures (with or without secondarily generalized seizures) despite receiving stable doses of 1 to 3 approved AEDs. 15 A detailed description of the inclusion/ exclusion criteria, allocation method, and other details can be found in the individual published studies. [9] [10] [11] Patients were permitted only one AED known to induce the metabolism of other AEDs. These were defined at the outset of the studies as CBZ, PHT, phenobarbital, or primidone. 15 Subsequent population-PK analyses demonstrated that only CBZ, OXC, and PHT resulted in statistically significant increases in perampanel oral clearance. 15 For analyses presented herein, EIAEDs include only CBZ, OXC, and PHT.
Study design. The double-blind studies were conducted in 3 phases: baseline, the double-blind treatment phase (a 6-week dose-titration period followed by a 13-week maintenance period), and a follow-up phase of 4 weeks for patients who withdrew prematurely or did not elect to enter the ongoing extension study. [9] [10] [11] 17 Patients were randomized to once-daily, double-blind treatment with placebo, perampanel 8 mg, or perampanel 12 mg (1:1:1) in studies 304 and 305. 9, 10 In study 306, patients were randomized to placebo or perampanel 2, 4, or 8 mg (1:1:1:1). 11 During the titration phase, perampanel doses were increased by 2 mg per week to the randomized dose, and dose reductions were permitted for intolerability. [9] [10] [11] 17 Patients treated with perampanel continued treatment with the dose achieved during titration throughout the maintenance period.
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Efficacy and safety assessments. Efficacy assessments included the median percent reduction in seizure frequency from baseline (all partial-onset seizure types) per 28 days of treatment during the double-blind period and the responder rate (proportion of patients achieving a $50% reduction in seizure frequency per 28 days in the maintenance period vs baseline) in the presence and absence of concomitant EIAEDs. [9] [10] [11] 15 A large decrease in median percent change in seizure frequency per 28 days was observed in the perampanel 8-mg groups in all regions. However, an unusually high placebo responder rate of 33.3% was observed in study 304 among patients in the Central and South America region compared with North American sites, which showed a responder rate of 21.9%. 9 Furthermore, the responder rate of placebo-treated patients in studies 305 and 306 was 14.7% and 17.9%, respectively. 10,11 A significant (p 5 0.042) treatment-by-region interaction for the Central and South America region was observed following an analysis of covariance (ANCOVA) using rank-transformed data from all regions and 8-mg treatment groups (common to all 3 studies). The overall safety, PK, and PK/pharmacodynamic profile were generally similar for the Central and South America region compared with the overall population, and the reasons for the high placebo response are yet unknown.
Safety assessments included the incidence rates of the most frequent treatment-emergent adverse events (TEAEs). [9] [10] [11] 15 The safety analysis set included all randomized patients who received the study drug and had at least one postdose safety assessment. The completers set included patients in the full intent-to-treat set who completed the double-blind study.
Dose-response analyses were also performed using the actual (last) dose taken by subjects rather than the randomized dose because randomized dose analyses may underestimate efficacy at higher doses in typical AED clinical trials. 13 Statistical analysis. To show differential effect of EIAEDs on dose, analyses presented here use actual (last) dose for the pooled phase III data in patients who completed the study. Statistical significance of efficacy for perampanel with EIAEDs and nonEIAEDs is noted by comparing perampanel doses with placebo only in studies in which those doses were included (2 and 4 mg, study 306; 8 mg, studies 304, 305, and 306; 12 mg, studies 304 and 305). Because of the skewed distribution, the baseline seizure frequency per 28 days and the percentage change per 28 days during treatment were rank-transformed separately before the analysis of median percent change from baseline in seizure frequency. An ANCOVA was then conducted on the rank-transformed data (rank ANCOVA) with treatment and region as factors and the ranked baseline seizure frequency per 28 days as a covariate. A p value #0.05 was considered statistically significant. Treatment effect is presented as median reduction in seizure frequency over the maintenance period. Robust nonparametric Hodges-Lehmann estimates of median placebo-corrected treatment effects and 95% confidence interval are provided. Rank ANCOVA was used to compare median percent change between EIAED and non-EIAED dose groups. Responder rates were analyzed over the maintenance period (last observation carried forward) using the x 2 test. Baseline characteristics, the incidence of patient discontinuation, and overall adverse events were compared between EIAED and non-EIAED perampanel dose groups using ANCOVA for continuous variables and the x 2 test for categorical variables.
RESULTS Patients. A total of 1,480 patients were randomized and treated in studies 304, 305, and 306. 15, 18 At baseline, age, body mass index, and time since epilepsy diagnosis were similar in patients who were receiving EIAEDs (CBZ, OXC, or PHT) and those receiving non-EIAEDs (table 1) . Overall, there were slightly higher percentages of males, Hispanics, and Asians among the patients receiving EIAEDs at baseline compared with those receiving non-EIAEDs (table 1) . Differences for race and sex were observed only for 4 mg and 10-12 mg, respectively (p # 0.05; table 1). Of the total patients, 1,264 who completed the maintenance period of the phase III studies were included in the actual (last)-dose analysis.
Population PK analyses. In the presence of EIAEDs, perampanel average steady-state plasma concentrations for all last (actual) doses at the end of the maintenance period were numerically lower compared with nonEIAEDs (table e-1 on the Neurology ® Web site at Neurology.org). 15 However, they also increased linearly in a dose-dependent manner in patients taking EIAEDs and non-EIAEDs.
In the population PK analysis, phenobarbital had no effect on perampanel clearance and resulting concentration while topiramate reduced the area under the curve (AUC) by 20% (not clinically relevant). In comparison, CBZ, OXC, and PHT increased perampanel clearance by 3-, 2-, and 2-fold, respectively (table e-2). This resulted in reduced perampanel AUC and is considered clinically important.
Efficacy endpoints. The data in figure e-1 show that treatment with perampanel increased the median percent change from baseline in seizure frequency and the responder rates (proportion of patients with $50% decrease in seizure frequency) of completers, in the presence and absence of EIAEDs, by actual (last) dose. In the absence of EIAEDs, the reduction in seizure frequency was observed for perampanel doses except for 4 mg (figure e-1). In addition, responder rates were numerically lower in the presence of EIAEDs across all dose groups (figure e-1). This analysis includes the population of Central and South America from study 304, where a high placebo-response effect was observed, resulting in the only treatment-by-region interaction of the phase III program. 9 Because previous analysis has demonstrated a treatment-by-region interaction (p 5 0.042) indicating that Central and South America differed from all other regions in the combined studies, additional analyses presented exclude data from sites in Central and South America ( figure 1,  table 2 ). As presented in figure 1 , a dose response was observed with perampanel treatment by showing an improvement in seizure control, regardless of the presence or absence of EIAEDs.
At 8-and 12-mg perampanel doses, treatment response (as assessed by median percent reduction in seizure frequency or responder rate) was more robust when perampanel was given concomitantly with non-EIAEDs compared with EIAEDs (p # 0.05; figure 1) .
.2% to 87.4%. With the exception of the 10-to 12-mg dose group, the completion rates were similar for the 2 patient cohorts. A higher completion rate in the 10-to 12-mg dose for patients receiving EIAEDs suggests that this group may have been able to maintain a higher perampanel dose. The primary reason for discontinuation in the presence and absence of EIAEDs was the occurrence of TEAEs. The data show that, for perampanel doses greater than 4 mg/d, TEAEs leading to study discontinuation were more frequent in patients receiving non-EIAEDs (p # 0.05; table 3).
The overall incidence of TEAEs was slightly higher in patients receiving non-EIAEDs compared with those taking EIAEDs, with the greatest difference (8.3%) in the perampanel 6-to 8-mg group (table 4) . However, the incidence of any TEAE did not show a difference between patients receiving concomitant EIAEDs and non-EIAEDs. The most frequently occurring TEAEs ($10%) for any perampanel treatment group in the presence of EIAEDs were dizziness, somnolence, and headache (table 4). The most frequently occurring TEAEs ($10%) for any perampanel treatment group in patients receiving non-EIAEDs were dizziness, somnolence, fatigue, headache, irritability, ataxia, and fall (table 4) . DISCUSSION The aim of the present analysis was to demonstrate the impact of concomitant EIAEDs on the efficacy and safety of perampanel, and in turn provide a rationale for the perampanel dosing recommendations. Monotherapy is generally the preferred first-line treatment for epilepsy; however, a significant proportion of patients will require regimens consisting of multiple AEDs to achieve treatment success. PK interactions arising from polytherapy have the potential to complicate epilepsy management. 19 Despite the availability of new AEDs that are devoid of drug interactions, comedication with EIAEDs is still commonplace. 20, 21 For drugs such as perampanel that are extensively metabolized via the CYP isozyme system, interactions that increase oral clearance (and consequently, decrease systemic exposure) have the potential to ultimately reduce clinical efficacy. 22 Because perampanel has been approved as adjunctive therapy, it is important for clinicians to understand these potential PK interactions to maximize its therapeutic benefit and reduce the risk of adverse events. 19 Our analysis demonstrates that perampanel is indeed efficacious in patients when given as adjunctive treatment; however, the expected magnitude of therapeutic response may be influenced by concomitant therapy. This finding does not appear to reflect a pharmacodynamic interaction. In agreement with a previous analysis, concomitant EIAED treatment does not alter the perampanel plasma concentration-response relationship for efficacy or tolerability. 13 Rather, based on PK analysis showing that steady-state perampanel plasma concentrations can be reduced in patients receiving CYP3A4 enzyme-inducing medications, the most reasonable explanation is that the perampanel dose-response curve is shifted in patients receiving inducing AEDs. 13 In other words, since the likelihood of efficacy of perampanel has been shown to increase with increasing perampanel systemic exposure (i.e., plasma concentration), then higher doses and a more frequent up-titration schedule may be required to maximize efficacy when using perampanel in patients receiving drugs such as CBZ, OXC, or PHT. 13 In population PK analysis, phenobarbital had no significant effect on perampanel AUC and topiramate reduced the AUC by 20% (not clinically relevant). In comparison, CBZ, OXC, and PHT affected perampanel apparent oral clearance and subsequently reduced perampanel AUC by about 67%, 50%, and 50%, respectively, all of which were considered clinically important. In addition, results from population PK analyses demonstrated that 12 mg perampanel did not significantly affect the clearance of certain AEDs, including PHT, but did significantly increase the clearance of CBZ and other AEDs, although the increases were each less than 10%. Coadministration of OXC resulted in a 26% decrease in OXC clearance and increased its concentrations.
On a practical basis, regulatory agencies recommend 2 approaches to manage dosing of perampanel appropriately for patients who are also receiving EIAEDs. The US Food and Drug Administrationapproved perampanel prescribing information recommends a starting dosage of 2 mg/d (given at bedtime) for patients who are taking non-EIAEDs and 4 mg/d for patients taking EIAEDs. 6 The perampanel dose can be increased gradually in 2 mg/d weekly increments to a maximum dose of 4 to 12 mg/d based on clinical response and tolerability. 6 However, the European Medicines Agency recommends initiation of treatment with perampanel at 2 mg/d, irrespective of concomitant EIAEDs. 7 Because the half-life of perampanel will be markedly shortened by EIAEDs, 6 patients receiving concomitant EIAEDs may be titrated weekly while patients receiving nonEIAEDs should be titrated no more frequently than at 2-week intervals. 7 The dose may be increased based on clinical response and tolerability to a maintenance dose of 4 to 8 mg/d. 7 Depending on an individual's clinical response and tolerability at a dose of 8 mg/d, the dose may then be increased to 12 mg/d. 6, 7 Each set of recommendations presents a different approach to addressing EIAED concerns, but both yield the same result: gradual dosage titration over time in patients with concomitant EIAEDs to compensate for enhanced CYP3A4-mediated perampanel elimination. Regarding adverse events, particularly those leading to treatment discontinuation, the profile of perampanel in the presence and absence of EIAEDs was qualitatively comparable although quantitatively somewhat higher in the absence of EIAEDs. The most common adverse events ($10%) in the presence and absence of EIAEDs were dizziness, somnolence, fatigue, headache, irritability, ataxia, and fall, which was consistent with adverse events in the overall phase III studies. The adverse event with the greatest incidence was dizziness, which was similar between EIAEDs and non-EIAEDs; however, at higher doses of perampanel, somnolence was moderately lower with EIAEDs, suggesting that reduced perampanel plasma concentrations with EIAEDs may reduce the incidence of somnolence and other adverse events. Overall, study discontinuation rates because of adverse events were greater in the patient group receiving non-EIAEDs. It is certainly plausible that, in these patients, perampanel plasma concentrations at each dosage level were greater than in those receiving EIAEDs, as shown previously. 15 Although discontinuations because of adverse events were greater at a high 10-to 12-mg dose for the nonEIAEDs group (24.2%) compared with the group taking EIAEDs (7.6%), the responder rates were 39% vs 12%, respectively, for the 2 groups. This is in agreement with published results, suggesting that, for patients who are able to tolerate higher perampanel doses (resulting in higher PK concentrations in the non-EIAED group, in this case), there are additional benefits in seizure control. 23 In addition to recognizing the potential for accelerated metabolism of perampanel when adding it to a regimen containing an EIAED, clinicians must also be cognizant of the potential for deinduction. When reducing or withdrawing EIAEDs from a patient's treatment regimen, plasma concentrations of perampanel are likely to increase, which can result in new or intensified adverse events. Because of the relatively long half-life of perampanel, potential changes in clinical response due to changes in plasma concentration might be expected to evolve slowly. Clinicians will need to monitor these patients closely for clinical response and tolerability when reducing or withdrawing an EIAED.
When perampanel is used as adjunctive therapy, clinicians can reasonably expect a favorable therapeutic response in pharmacoresistant patients with partial-onset seizures, irrespective of concomitant AEDs. Of note, this post hoc analysis suggests that enzyme-inducing PK interactions are important determinants in optimizing therapy with this new molecule. Clinicians will need to consider concomitant medications when initiating perampanel treatment and when determining optimal maintenance dosages as well as patient tolerability.
